The carrier recombination processes in ZnO quantum dots ͑ϳ4 nm in diameter͒, ZnO nanocrystals ͑ϳ20 nm in diameter͒ and bulk ZnO crystal have been studied using photoluminescence ͑PL͒ spectroscopy in the temperature range from 8.5 to 300 K. The obtained experimental data suggest that the ultraviolet PL in ZnO quantum dots originates from recombination of the acceptor-bound excitons for all temperatures. In the larger size ZnO nanocrystals, the recombination of the acceptor-bound excitons is the dominant contribution to PL only at low temperature ͑T Ͻ 150 K͒. For higher temperatures ͑T Ͼ 150 K͒, PL is mostly due to recombination of the donor-bound excitons. Recombination processes in ZnO quantum dots and nanocrystals differ from those in bulk ZnO mainly because of the large surface-to-volume ratio in both types of nanoparticles and, consequently, a large number of acceptor defects near the surface. No strong inhomogeneous broadening has been observed in ultraviolet PL from ZnO quantum dots. Our results shed light on the carrier-recombination processes in ZnO quantum dots and nanocrystals, and can be used for the ZnO nanostructure optimization for the proposed optoelectronic and spintronic applications.
I. INTRODUCTION
ZnO-based nanostructures have recently attracted attention due to their potential applications in spintronic and ultraviolet ͑UV͒ to violet light-emitting and other optoelectronic devices. It is expected that in ZnO nanostructures one may eliminate some unwanted properties of bulk ZnO, such as weak exciton emission in comparison with the defect related ͑deep-level͒ visible emission, while keeping or enhancing the desirable properties such as large exciton binding energy ͑ϳ60 meV͒. The large exciton binding energy and strong exciton emission would allow for stable high-yield luminescence from ZnO nanostructures even at room temperature. Understanding the carrier recombination processes in ZnO nanostructures and the role of defects is essential not only for the optoelectronic devices but also for the spintronic applications. 1 For example, it was suggested that bound acceptors mediate the ferromagnetic ordering in ZnO. 2 Since doping of semiconductor nanocrystals ͑NCs͒ is a rather challenging task, 3 the existence of various unintentional "useful" impurities in ZnO 4 may be advantageous for spintronics and optoelectronics.
The envisioned spintronic and optoelectronic applications of ZnO nanostructures motivated a number of theoretical 5, 6 and experimental studies of the optical properties of ZnO quantum dots ͑QDs͒, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] nanowires, 15 prisms, 16 rods, 17 whiskers, 18 as well as nanocrystalline films [19] [20] [21] and thin films. [22] [23] [24] [25] [26] [27] [28] [29] [30] Despite many phenomenological studies, the exact mechanisms of UV photoluminescence ͑PL͒ and carrier recombination processes in ZnO nanostructures are still subjects of considerable debates. While most of the reports indicate that very-low-temperature ͑ϳ10 K͒ UV emission is due to the donor-bound excitons, [17] [18] [19] [25] [26] [27] there is no agreement about the mechanism of the emission at higher temperatures. Various investigations arrived at different and, sometimes, opposite conclusions about the origin of UV PL in ZnO nanostructures. Namely, UV PL was attributed to the confined excitons, 7, 8, 16, [24] [25] [26] transverse optical phonon band of the confined excitons, 19, 20 donor-bound excitons, 16, 18, 27 acceptor-bound excitons, [21] [22] [23] or donoracceptor pairs. 15, 17, [28] [29] [30] Here we report results of the PL investigation of the carrier recombination processes in two types of ZnO nanostructures, i.e., ZnO QDs and ZnO NCs. The distinction between these two nanostructure types is related to their size in comparison with the exciton diameter in ZnO. The average QD diameter is 4 nm, which is of the order of the exciton diameter in ZnO ͑ϳ2 nm͒, while the average diameter of ZnO NCs is 20 nm, which is much larger than the exciton diameter. This means that if the QDs were close to ideal ͑without defects͒ the charge carriers were in the regime of intermediate quantum confinement. 5 Although the charge carriers do not experience quantum confinement effects in ZnO NCs, their recombination properties are expected to be different from those of bulk ZnO due to the larger surface-to-volume ratio in NCs. Since QDs have even larger surface-to-volume ratio, the presence of many surface defects may affect the emission properties of ZnO QDs stronger than the quantum confinement. The PL spectra obtained for ZnO QDs and NCs have been compared with those obtained for a reference bulk ZnO sample.
II. ROOM TEMPERATURE PL FROM ZnO QDs AND NCs
ZnO QDs and NCs were produced by the wet chemistry method ͑see the high-resolution transmission electron mi-croscopy ͑TEM͒ images in Fig. 1͒ . The examined ZnO QDs and NCs were nearly spherical in shape with the average diameter of 4 and 20 nm, respectively. The size distribution, estimated from the TEM study, was around 20%. As a reference sample we studied a bulk ZnO crystal ͑University Wafers͒ with dimensions 5 ϫ 5 ϫ 0.5 mm 3 and a-plane ͑1120͒ facet. PL spectra of all samples were excited with a He-Cd laser ͑ = 325 nm͒ and recorded with an Oriel monochromator. Figure 2 shows typical room temperature PL spectra of ZnO QDs, NCs, and reference bulk sample. Due to the intrinsic defects, which are always present in ZnO, 4 PL spectra of ZnO nanostructures and bulk crystals exhibit deep-level visible emission in addition to the near band-edge UV emission. It is seen from Fig. 2 that the intensity of the UV peak increases with decreasing the nanoparticle size, i.e., as one goes from the bulk ZnO to NCs and to QDs. The highest UV PL yield is observed for ZnO QDs. Visible region of PL for all samples consists of the strong green and rather weak red emission bands. With the decrease of the nanoparticle size, the green deep-level peak moves slightly into the cyan region. For ZnO QDs, the shift of this peak toward higher energy is about 120 meV with respect to its position in the bulk. It is important to note that the intensity of the visible PL bands does not increase with the decrease of the nanoparticle size.
One can also see from Fig. 2 that the linewidth of the UV emission peak from ZnO QDs is almost the same as that from bulk ZnO. The full width at half maximum ͑FWHM͒ is 95, 172, and 86 meV for the ZnO QDs, NCs, and bulk, respectively. The quantum confinement of free excitons in QDs is expected to result in the blueshift of the emission peak, while the size distribution should lead to inhomogeneous broadening of the exciton peaks. Figure 2 shows no additional inhomogeneous broadening and a very small redshift of the UV peak. While in bulk ZnO the UV PL peak is observed at 3.294 eV, PL peaks in UV emission from ZnO QDs and NCs are observed at the same energy of 3.250 eV. As a possible explanation, one can assume that UV PL from ZnO QDs and NCs originates from the recombination of bound excitons. The 44 meV energy difference between the bound exciton peak in ZnO QDs and the free exciton peak in bulk ZnO extracted from our measurements is very close to the reported value of acceptor-exciton localization energy in bulk ZnO of about 50 meV. [21] [22] [23] 25 Unlike in the case of free excitons, the quantum confinement of acceptor-bound excitons in ZnO QDs is not expected to result in a substantial blueshift of acceptor-bound exciton emission peaks because acceptors are relatively deep impurities for ZnO. 5, [28] [29] [30] At the same time, donors are rather shallow impurities in ZnO and the donor-bound emission peaks could be strongly affected by quantum confinement.
III. LOW-TEMPERATURE PL FROM ZnO QDs AND NCs
In order to verify that the recombination of the impuritybound excitons is responsible for the observed PL features, we conducted the low-temperature PL measurements for ZnO QDs, NCs, and bulk samples. Figure 3͑a͒ shows the UV region of the PL spectrum from bulk ZnO for temperatures from 8.5 to 150 K. According to their energy values, the emission peaks ͑going from right to left͒ have been assigned to free excitons ͑X͒, donor-bound excitons ͑D, X͒, acceptorbound excitons ͑A, X͒, and two longitudinal optical ͑LO͒ phonon peaks of the donor-bound excitons. One can see that at low temperature, the emission from the free and donorbound excitons represents two competing carrier recombination processes. In Figs. 3͑b͒ and 3͑c͒, we present the PL peak energies and PL peak intensities for the emission from the free and donor-bound excitons extracted from Fig. 3͑a͒ . Depending on the temperature, the donor-exciton localization energy is 10-15 meV, while the acceptor-exciton localization energy is 45-55 meV. As seen from Figs. 3͑a͒ and 3͑b͒, For ZnO quantum dots, UV emission at 3.250 eV is attributed to the acceptor-bound excitons. For ZnO nanocrystals, UV emission at 3.250 eV is attributed to the donor-bound excitons. For bulk ZnO, UV emission at 3.294 eV is attributed to the free excitons. Visible emission is defect-related for all samples. The spectra are uncorrected for the grating response.
the free exciton, donor-bound exciton, and acceptor-bound exciton energies decrease with temperature according to the Varshni law
where E͑0͒ is the energy at temperature T =0 K, ␣ is a parameter, and D is the Debye temperature. The energies E͑0͒ and parameters ␣ calculated for the observed peaks are very close to those reported for ZnO thin films 25 and bulk ZnO 32 ͑a direct comparison is not possible since different studies employed very different values of D ͒. Table I summarizes parameters of Eq. ͑1͒ extracted from our measurements for the above recombination processes ͑we assumed D = 920 K according to Ref. 33͒ . Figure 3͑c͒ shows that the donor-bound emission dominates in the PL spectra for temperatures below 60 K. For temperatures above 60 K, the free exciton recombination is the main mechanism of PL in bulk ZnO. This temperature is close to the ionization temperature for many types of donor impurities in semiconductors. It is also interesting to note that one-and two-phonon bands are observed for the donorbound exciton at the lowest temperatures, while no phonon bands are observed for free excitons at higher temperatures. The observed phonon energy 71 meV ͑574 cm −1 ͒ corresponds to A 1 ͑LO͒ phonons in ZnO. 13, 14 Analysis of the low-temperature PL from ZnO QDs and NCs and its comparison with PL from bulk ZnO allows one to determine the main features of the carrier recombination in ZnO nanostructures near the band edge. Figure 4͑a͒ shows UV region of PL spectrum of ZnO NCs for temperatures from 8.5 to 150 K. Assuming that the energy of free excitons in 20 nm ZnO NCs should be almost the same as in bulk ZnO and using the same order of peaks as in the case of PL from bulk ZnO, the broad peak observed at about 3.20 eV can be assigned to the acceptor-bound excitons ͑A, X͒ and the peak ͑shoulder͒ observed at about 3.35 eV can be assigned to the donor-bound excitons ͑D, X͒. Figures 4͑b͒ and 4͑c͒ show the PL peak energies and the PL peak intensities of the donor-bound and acceptor-bound excitons extracted from Fig. 4͑a͒ . The dashed curve in Fig. 4͑b͒ shows, as a reference, the free exciton energy from els. The presence of defect-related acceptors in ZnO NCs could also explain the observed PL peak width ͑ϳ220 meV͒, because arbitrarily positioned zinc vacancies in ZnO NCs will have different acceptor levels depending on their distance from the NC center. It is seen from Fig. 4 that PL from ZnO NCs is mainly due to recombination of the acceptor-bound excitons for T Ͻ 150 K. For T Ͼ 150 K, the PL is found to be due to recombination of donor-bound excitons. Due to this reason the UV peak observed in the room temperature PL of ZnO NCs ͑see Fig. 2͒ has been assigned to recombination of the donor-bound excitons. Figure 5͑a͒ shows the UV region of PL spectrum of ZnO QDs for temperatures from 8.5 to 150 K. Recalling from the room temperature PL that the main peak in this region is likely due to the acceptor-bound excitons, and using the same order of peaks as in the case of bulk ZnO PL, we can tentatively assign the observed peaks ͑from right to left͒ to donor-bound excitons ͑D, X͒, acceptor-bound excitons ͑A, X͒, and a LO phonon peak of the acceptor-bound excitons. The observed energy of LO phonon is 72 meV ͑582 cm −1 ͒, which is in good agreement with the theoretical and experimental considerations. 6, 13, 14 An arrow in Fig. 5͑a͒ shows the calculated location of the confined exciton energy ͑3.462 eV͒ for ZnO QDs with the diameter of 4.4 nm ͑the energy corresponding to confined excitons in 4 nm QDs lies outside the range of energies in Fig. 5͑a͒ 5 ͒. Note that at a given laser excitation the larger size QDs from the ensemble of 4 nm± 0.8 nm are excited, therefore we attribute the observed PL spectrum to 4.4 nm QDs. No confined exciton peak is seen at 3.462 eV or any other location for all considered temperatures, which might be explained by the presence of the surface acceptor impurities in ZnO QDs. The latter is not surprising given a large surface-to-volume ratio in QDs. It can be estimated from the ZnO lattice constants ͑a = 0.3249 nm, c = 0.5207 nm͒ that one atom ͑Zn or O͒ occupies a volume of a cube with edge a 0 = 0.228 nm. Therefore, one can show that the number of surface atoms in the 4.4 nm ZnO QD constitutes 28% of the total number of atoms in this QD.
Figures 5͑b͒ and 5͑c͒ show the PL peak energies and PL peak intensities of the donor-bound and acceptor-bound excitons extracted from Fig. 5͑a͒ . Figure 5͑b͒ and Table I show that the temperature dependence of the energy of the impurity-bound excitons can be described by Varshni law ͓Eq. ͑1͔͒, similarly to the case of bulk ZnO. Comparing Figs. 5͑b͒ and 3͑b͒, one can find that the donor-bound exciton energy in 4 nm ZnO QDs is increased by about 5 meV compared to the bulk value due to the quantum confinement of donor-bound excitons. At the same time, a comparison of the acceptor-bound exciton energies in 4 nm ZnO QDs and in bulk ZnO shows a decrease of about 10 meV for ZnO QDs at temperatures up to 70 K. The observed decrease of the energy of the acceptor-bound excitons in ZnO QDs cannot be explained by confinement. One possible explanation could be the lowering of the impurity potential near the QD surface. Another possibility is that at low temperatures this peak is affected by some additional binding similar to that in a charged donor-acceptor pair. [28] [29] [30] The energy of a donor-acceptor pair in bulk ZnO can be calculated as
where E g is the band gap ͑distance between conduction and valence bands͒, which is 3.437 eV at 2 K, E D bind is the bind -FIG. 4 . ͑a͒ PL spectra of ZnO nanocrystals ͑20 nm͒ at temperatures from 8.5 to 150 K. The spectra are shifted in the vertical direction for clarity. ͑b͒ Peak energies for the donor-and acceptor-bound excitons as a function of temperature. The dashed curve shows the free exciton energy from Fig. 3 . ͑c͒ Donor-and acceptorbound exciton peak intensities as a function of temperature.
ing energy of a donor ͑energy below the bottom of conduction band͒, E A bind is the binding energy of an acceptor ͑energy above the top of valence band͒, 0 is the permittivity of free space, e is the electron charge, = 8.1 is the dielectric constant ͑inverse average of Ќ = 7.8 and ʈ = 8.75͒, and R DA is the donor-acceptor pair separation. Both electrons and holes are confined inside the ZnO QDs. Therefore, in order to apply Eq. ͑2͒ to ZnO QDs, one has to take into account the confinement-induced increase of E g , E D bind , and E A bind .
Since E g and E D
bind + E A bind enter Eq. ͑2͒ with opposite signs, the effect of confinement is partially canceled and in the first approximation, one can employ Eq. ͑2͒ for ZnO QDs. Note that E D bind is about 60 meV for ZnO. 28 The large percentage of surface atoms in the 4.4 nm ZnO QD ͑28%͒ allows us to assume that the majority of the acceptors are located at the surface, which is also in agreement with our previous theoretical results. 5 Because of a relatively small number of atoms ͑3748͒ in the 4.4 nm ZnO QD, it is reasonable to assume that there are only 1-2 donor-acceptor pairs in such QDs. Indeed, a typical concentration of acceptors 10 19 cm −3 ͓Refs 28,29͔ means only 0.5 acceptors per volume of our 4.4 nm QD. Thus, the donor-acceptor pair separation R DA is equal to the average distance from the surface acceptor to the randomly located donor. This average distance is exactly equal to the radius of the considered QD. For the observed donor-acceptor pair one can find from Eq. ͑2͒: 3311 meV = 3437 meV− 60 meV− E A bind + 80.8 meV. Therefore, the lower limit of the acceptor binding energy is estimated to be E A bind = 146.8 meV, which is in agreement with the reported values 107-212 meV. 17, 30 Note that for bulk ZnO, the donor-acceptor peak was observed at 3.216 eV.
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IV. ANALYSIS OF THE TEMPERATURE DEPENDENCE OF PL FROM ZnO QDs AND NCs
The PL intensity of the donor-bound excitons and acceptor-bound excitons in ZnO QDs as a function of temperature ͓see Fig. 5͑c͔͒ exhibits a kink at about 70 K. One can also see that the PL intensity of the donor-bound excitons in ZnO NCs manifests a "negative thermal quenching," 35 i.e., it increases with temperature ͓see Fig.  4͑c͔͒ . To elucidate the origin of these effects we analyzed the integral PL intensity in the UV region. The integral PL intensity usually decreases with temperature due to the thermal quenching as 36 
I͑T͒
where I 0 is the peak intensity at temperature T =0 K, A is a parameter, E a is the activation energy in the thermal quenching process, and k B is the Boltzmann constant. The advantage of having a large exciton binding energy for some device applications is clearly seen from Eq. ͑3͒. Indeed, the PL intensity increases almost exponentially with the activation ͑binding or localization͒ energy at a given temperature. Figure 6 shows the integral PL intensity calculated in the UV region of energies as a function of the inverse temperature for bulk ZnO, ZnO NCs, and ZnO QDs. The curves in Fig. 6 represent the results of the best fit according to Eq. ͑3͒. In the case of bulk ZnO, the activation energy is found to be 9 meV for T Ͻ 70 K and 59 meV for T Ͼ 70 K. These activation energies reflect very well the properties of PL FIG. 5 . ͑a͒ PL spectra of ZnO quantum dots ͑4 nm͒ at temperatures from 8.5 to 150 K. The spectra are shifted in the vertical direction for clarity. The location of the confined exciton peak is marked with an arrow. ͑b͒ Peak energies for the donor-and acceptor-bound excitons as a function of temperature. ͑c͒ Donor-and acceptor-bound exciton peak intensities as a function of temperature. spectra in Fig. 3 . Namely, for T Ͻ 70 K the PL originates from the recombination of the donor-bound excitons with the localization energy of ϳ9 meV; while for T Ͼ 70 K the PL originates from the recombination of the free excitons with the binding energy of about ϳ59 meV. In the case of ZnO NCs ͓see Fig. 6͑b͔͒ , the activation energy was found to be 14.3 meV for the temperature range 20 K Ͻ T Ͻ 100 K. Moreover, for the temperatures below 20 K and above 100 K, the negative thermal quenching has been observed. The mechanism of the negative thermal quenching is the thermal activation of carriers with energies smaller than those of the initial state of PL emission. 35 It is possible that for the temperatures below 20 K, there occurs activation of some deep levels, which increases PL intensity with the temperature. At the same time, for the temperatures above 100 K, the activated acceptor levels supply charge carriers for the observed donor-bound exciton recombination at higher energies. The latter can explain the increase of the donor-exciton PL intensity with the temperature observed in Fig. 4 .
In the case of ZnO QDs ͓see Fig. 6͑c͔͒ , the activation energy is found to be 9 meV for T Ͻ 70 K, while it is 43.2 meV for T Ͼ 70 K. Since the intensity of the donorbound exciton peak in ZnO QDs is substantially lower than that of the acceptor-bound exciton peak, we assume that the integral PL intensity is due to the acceptor-bound excitons. It is determined that for T Ͻ 70 K the PL peak has the position of the acceptor-bound exciton ͓see Fig. 5͑a͔͒ and the activation energy of 9 meV. The latter suggests that in this temperature region, PL can originate from either the acceptorbound exciton emission or recombination of the donoracceptor pairs, where the observed activation energy could be explained by a transition between the acceptor-bound exciton and the donor-acceptor pair energy levels. On the other hand, for T Ͼ 70 K the PL peak has the position of the acceptor-bound exciton and the activation energy of 43.2 meV, which is approximately equal to the difference between donor-bound and acceptor-bound exciton energies. The latter means that in this temperature region, PL is due to the recombination of the acceptor-bound excitons and the activation energy is due to the re-localization ͑donor-bound → acceptor-bound͒ of the exciton. Correspondingly, the kink observed in Fig. 5͑c͒ is explained by the change in the activation energy at T = 70 K. The origin of the observed small values of the low-temperature activation energies in ZnO NCs ͑14.3 meV͒ and ZnO QDs ͑9 meV͒ could be due to the spatial coupling 37 of ZnO nanostructures in their ensembles.
The temperature dependence ͑thermal broadening͒ of the linewidth ⌫͑T͒, or the full width at half maximum ͑FWHM͒, of the free and bound exciton peaks in the PL spectra can be calculated as
where ⌫ 0 is the intrinsic linewidth at T =0, ⌫ ph is the exciton-LO phonon coupling constant, E LO is the LO phonon energy, ⌫ imp is the linewidth due to ionized impurity scattering, and E b is the average binding energy of the impurityexciton complexes. As seen from Eq. ͑4͒, the temperature dependence of the linewidth allows one to analyze the coupling of excitons to LO phonons, the strength of the ionized impurity scattering, and the average binding energy of the impurity-exciton localization. Figure 7 shows the temperature dependence of the linewidth for the free excitons in bulk ZnO ͓extracted from Fig. 3͑a͔͒ and for the acceptor-bound excitons in ZnO QDs ͓extracted from Fig. 5͑a͔͒ . It is seen from Fig. 7 that the observed linewidths can be fitted perfectly to Eq. ͑4͒. The best fit parameters are listed in Table II for free excitons in bulk ZnO and acceptor-bound excitons in ZnO QDs ͑the LO phonon energy E LO is taken to be 71 meV 13 ͒. Table II shows that the intrinsic ͑T =0 K͒ linewidth for ZnO QDs is 3.2 times the intrinsic linewidth of bulk ZnO. This fact can be explained by the additional broadening due to the QD size distribution in the ensemble and the arbitrary impurity positions inside the QD. As seen from Table II, for ZnO QDs the exciton-LO phonon coupling constant is 7.1 times less, while the strength of the ionized impurity scattering is 7.3 times higher than the corresponding values for bulk ZnO. The latter allows us to conclude that the concentration of impurities is higher in ZnO QDs than it is in bulk ZnO. Finally, the extracted average binding energy ͑9.2 meV͒ of the impurity-exciton complexes that broadens the free exciton emission line in bulk ZnO almost coincides with the donor-exciton localization energy ͑9 meV͒ extracted from Fig. 6͑a͒ . Therefore, one can say that donors are practically the only impurities in the reference bulk ZnO crystal. On the other hand, the extracted average binding energy ͑16.6 meV͒ of the impurity-exciton complexes that broadens the acceptor-bound emission line in ZnO QDs is of the same order of magnitude as the activation energy ͑9 meV͒ for the low-temperature acceptor-bound exciton emission in ZnO QDs ͓see Fig. 6͑c͔͒ .
In order to verify the mechanisms of the carrier recombination processes determined from the temperature-dependent study ͑as described above͒, we have measured the excitation power dependence of the integral UV PL intensity at 8.5 K. Figure 8 shows the obtained power dependence for bulk ZnO ͑circles͒, 20 nm ZnO NCs ͑triangles͒, and 4 nm ZnO QDs ͑squares͒. No significant exciton energy shifts have been observed for different excitation powers. Note that all spectra presented in Figs. 2-5 were taken with the excitation power of ϳ0.4 mW. It is well established that the PL intensity I increases with the excitation power P as I ϳ P k . 39, 40 According to the previous studies, which are commonly accepted and independently confirmed for many material systems, 39, 40 if the excitation energy is higher than the band gap, which is the case for all our measurements, the power factor k falls into one of the following ranges. It is in the range 1 Ͻ k Ͻ 2 for the bound-exciton emission; and it is in the range 0 Ͻ k Ͻ 1 for the free-to-bound radiative recombination, such as free hole and neutral donor recombination ͑h, D͒; free electron and neutral acceptor recombination ͑e, A͒; or donoracceptor pair recombination ͑D, A͒. One can see from Fig. 8 that for bulk ZnO, PL intensity increases with excitation power as P 0.55 for P Ͻ 0.1 mW and as P 1.36 for P Ͼ 0.1 mW. This means that the observed low-temperature PL is due to ͑h, D͒ recombination when P Ͻ 0.1 mW, because concentration of acceptors in bulk ZnO is much less than concentration of donors. When the excitation power increases ͑P Ͼ 0.1 mW͒, donor-bound excitons are formed, and their recombination is observed in the PL spectrum.
For ZnO NCs, PL intensity increases with excitation power as P 1.12 for P Ͻ 0.1 mW and as P 1.85 for P Ͼ 0.1 mW. This means that the observed low-temperature PL is due to acceptor-bound exciton recombination for all considered excitation powers. The observed superlinear in -FIG. 7 . ͑Color online͒. Temperature dependence of the full width at half maximum of the free exciton PL peak in a plane bulk ZnO ͑boxes͒ and of the acceptor-bound exciton peak in 4 nm ZnO quantum dots ͑circles͒. Dashed and solid curves show the best fit to Eq. ͑4͒. The full width at half maximum of the acceptor-bound exciton peak in 20 nm ZnO nanocrystals ͑not shown͒ is about 220 meV. crease of PL intensity with higher excitation power ͑P Ͼ 0.1 mW͒ could be due to the charge carrier transfer between individual ZnO NCs in the considered ensemble. Finally, for ZnO QDs, Fig. 8 shows the excitation power dependence for both the acceptor-bound ͑upper curve͒ and donor-bound ͑lower curve͒ exciton peaks. One can see that PL intensity of the donor-bound exciton peak increases with excitation power as P 1.18 for all considered excitation powers. The latter is in agreement with the assignment made for this peak earlier. At the same time, the intensity of the dominant UV peak in the low-temperature PL of 4 nm ZnO QDs increases with power as P 1.26 for all considered excitation powers. This fact suggests that the dominant UV peak in ZnO QDs is due to the acceptor-bound exciton recombination rather than due to the donor-acceptor pair recombination.
V. CONCLUSIONS
In conclusion, we have investigated the carrier recombination processes in ZnO QDs and NCs using the PL spectroscopy in the temperature range from 8.5 to 300 K. It has been shown that the ultraviolet PL in 4 nm ZnO QDs originates from recombination of the acceptor-bound excitons for all considered temperatures and excitation powers. At the same time, only the low-temperature ͑T Ͻ 150 K͒ PL from 20 nm ZnO NCs is mainly due to recombination of the acceptor-bound excitons. For higher temperatures ͑T Ͼ 150 K͒, the PL from 20 nm ZnO NCs is due to recombination of the donor-bound excitons. We demonstrated that the recombination processes in ZnO QDs ͑with the size comparable to the exciton diameter͒ and in ZnO NCs ͑with the size much larger than the exciton diameter͒ differ from those in bulk ZnO mainly because of the large surface-to-volume ratio in both types of nanoparticles and, correspondingly, a high number of acceptor impurities near the surface. The acceptor impurities have been shown to be the main centers of the exciton recombination in ZnO QDs; the acceptors in ZnO NCs are the centers of exciton recombination only at low temperatures ͑T Ͻ 150 K͒; and the acceptors in bulk ZnO are not responsible for the observed exciton recombination. Our experimental findings are in agreement with the theoretical prediction about the role of the surface acceptors in ZnO QDs. 5 The obtained results are important for the proposed optoelectronic and spintronic applications of ZnO nanostructures.
